Nucleoside diphosphate (NDP) kinase is a ubiquitous nonspecific enzyme that evidently is designed to catalyze in vivo ATP-dependent synthesis of ribo-and deoxyribonucleoside triphosphates from the corresponding diphosphates. Because Escherichia coli contains only one copy of ndk, the structural gene for this enzyme, we were surprised to find that ndk disruption yields bacteria that are still viable. These mutant cells contain a protein with a small amount NDP kinase activity. The Cells. Cell extracts obtained by sonication from a 2-ml overnight culture of strain QL7623 were incubated at 55°C for 5 min in the sample loading buffer (80 mM Tris-HCl, pH 6.8/1% SDS/10% glycerol/4% 2-mercaptoethanol/0.005% bromophenol blue). SDS/PAGE was carried out with use of a 15% polyacrylamide gel at 4°C with constant current of 7 mA. After electrophoresis the gels were sliced into 3 mm (see Fig. 1A ) or 4 mm (see Fig. 1B 
Nucleoside diphosphate (NDP) kinase is a ubiquitous enzyme to catalyze the ATP-dependent synthesis of ribo-and deoxyribonucleoside triphosphates from the corresponding diphosphates via a phosphoenzyme intermediate. It has a broad specificity for phosphoryl donors and acceptors to maintain the balanced levels of nucleoside triphosphates in the cell (1, 2) . The structures of NDP kinases are highly conserved from Escherichia coli to human (43% identity), and they are believed to be a housekeeping enzyme essential for DNA and RNA synthesis (2) (3) (4) . In addition, NDP kinases have been shown to have additional regulatory functions for growth and developmental control (5) (6) (7) (8) (9) , signal transduction (10, 11) , and tumor metastasis suppression (12, 13) . Human and mouse NDP kinases/Nm23 have been considered to play an important role in tumor metastasis suppression. High metastatic potential of low nm23-expressing murine melanoma and human breast carcinoma cell line was inhibited with transfection of nm23 cDNA (4, 14) . A human DNA-binding protein, PuF, identified as NDP kinase Nm23-H2, was shown to bind to the promoter region of c-myc in vitro and to activate the c-myc transcription, which suggested its regulatory role in oncogene expression (15) . The cytoplasmic membrane of Dictyostelium discoideum possesses a cAMP receptor-stimulated NDP kinase activity that may contribute to mediation of hormone action for the activation of G proteins (10) . A null mutation of the awd gene, a Drosophila homologue of NDP kinase, results in abnormalities in the larvae development (6) . A point mutation of Awd leads to a lethal phenotype when it is put together with a mutation in the prune gene (16) . Studies of NDP kinase from Myxococccus xanthus, a gram-negative bacterium, have suggested that the enzyme may be essential for cell growth (5) . Surprisingly, however, it was found that the ndk gene, the only structural gene for this enzyme in E. coli, could be disrupted without affecting cell viability except for a mutator phenotype
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In this study, we attempted to identify the enzyme that complements the NDP kinase function in the ndk-disrupted strains ofE. coli. NDP kinase activity of the ndk cell extract was 10-15% of that of the wild-type cell extract (17) . Because there is only one ndk gene on the E. coli chromosome (18) BamHI to generate plasmid pETadk. The entire region of adk insert in pETadk was sequenced to confirm that no errors were generated by the PCR process. The BL21(DE3) ndk::cmr strain was transformed with pET-adk. The maximal induction of adenylate kinase was obtained in M9 minimal medium at 37°C for 4 hr in the presence of 2 mM isopropyl P-D-thiogalactoside. Adenylate kinase was produced at a level of -60% total cellular protein. The enzyme was then purified basically by the same methods as described (24) with some modifications. Briefly, a cell extract from a 500-ml culture was subjected to ammonium sulfate precipitation. The 30-65% precipitate fraction was resuspended in 2 ml buffer B (50 mM Tris-HCl, pH 8.0/1 mM DTT/10% glycerol) and loaded to a 200-ml Sephacryl S200 column equilibrated with the same buffer with a flow rate 0.4 ml/min. Fractions (28) . Human adenylate kinase deficiency is associated with hemolytic anemia (35, 36) . Adenylate kinase has been shown to be essential for cell growth in E. coli (25) . Both [12] [13] [14] were assayed for NDP kinase activity as described (22 appears that GTP binding to this site blocks (d)NDP binding to the AMP binding site. We further examined the substrate specificity using E. coli adenylate kinase. The purified enzyme was able to convert all nucleoside diphosphates tested (UDP, CDP, GDP, dCDP, dGDP, and dTDP) to corresponding triphosphates required for DNA and RNA synthesis, clearly demonstrating that adenylate kinase has NDP kinase activity. However, in contrast to NDP kinase with relative lack of substrate specificity (Fig. 6A) , adenylate kinase displayed biased substrate specificity as UDP > CDP > GDP and dGDP > dCDP > dTDP (Fig. 6B c, a, b, e, d, andf, respectively) and the specific activity of NDP kinase was estimated to be about 20-100 times higher than that of the NDP kinase function of adenylate kinase; the highest specific activity toward UDP and the lowest toward dTDP. Nevertheless, the fact that the ndk gene is dispensable indicates that the NDP kinase activity of adenylate kinase is sufficient enough to maintain appropriate (d)NTPs pools in the ndk-disrupted cells. However, the balance between the nucleotide triphosphate pools appear to be somewhat distorted as evident from the mutator phenotype of the ndkdisrupted cells (17 (Fig. 6A) since NDP kinase was originally identified as a GTP-binding protein by using 8-azido GTP in M. xanthus (5) . However, E. coli adenylate kinase when tested for its NDP kinase activity exhibits the highest preference toward UDP for UTP synthesis (Fig. 6B) . Similar observation has been noticed with an alternative NDP kinase in Pseudomonas aeruginosa (41) . The (38) and guanylate kinase (39) have been shown to have no NDP kinase activity. The purified CMP kinase and UMP kinase were also not found to contain NDP kinase activity (Fig. 7B) 
